Pseudomonas aeruginosa is a bacterium that inhabits a wide variety of environments, including soil, and water, as well as plant and animal tissues (58) . It is also a major opportunistic human pathogen that affects individuals who are immunocompromised or suffering from cystic fibrosis (6) , as well as a pathogen of a wide variety of other animal and plant species, including mice, fruit flies, nematode worms, and mustard plants (15, 24, 35, 47) .
Initiation and establishment of P. aeruginosa infections are dependent on a number of virulence factors (6) . These factors include type IV pili (or fimbriae), which are polar filaments involved in the attachment to and translocation across epithelial cell surfaces via a process called twitching motility (8, 30) . Twitching motility occurs by extension and retraction of the pili and is required for formation of biofilms (11, 32) , a mode of communal organization which is observed in chronic infections (44) and which appears to provide protection against antibiotics and the host immune system (12) . Twitching motility is also involved in other developmental processes, such as fruiting body formation in Myxococcus xanthus (30) . In addition, retractile type IV pili act as receptors for the binding and entry of certain bacteriophages (9) .
To date, around 40 genes at a number of different genomic loci have been identified as genes that are involved in the biogenesis and function of type IV pili in P. aeruginosa (30) . These include the genes encoding the major structural protein (PilA) and minor proteins that may form the base and/or the tip of the pilus (PilE, PilV, PilW, PilX, PilY1, PilY2, and FimT), genes whose products are required for pilus assembly and retraction (PilB, PilC, PilD, PilF, PilM, PilN, PilO, PilP, PilQ, PilT, and PilU), and other genes whose products have unknown functions (PilF, PilZ, and FimV). In addition, there are a number of genes which encode regulatory proteins that control both the production of pili (and other virulence determinants) and the activity of twitching motility in response to environmental stimuli. The proteins that have been identified to date are (i) the classical two-component sensor-regulator pair PilS-PilR, which along with the alternative sigma factor RpoN are required for transcription of the fimbrial subunit gene pilA (26) ; (ii) the atypical sensor-regulator pair FimSAlgR, which along with the alternative sigma factor AlgU regulate twitching motility and production of the exopolysaccharide alginate (30, 56, 57) ; (iii) the global carbon metabolism regulator CRC, which partially regulates transcription of pilA (31) ; (iv) PilG-PilK and ChpA-ChpE, which comprise a complex chemosensory system which appears to control the direction and rate of twitching motility and which is similar to the Che system that controls swimming motility in Escherichia coli and the Frz system that controls social gliding motility in M. xanthus (16, 17, 30) ; and (v) Vfr, a homolog of the E. coli catabolite repressor protein Crp, which differentially regulates twitching motility and elastase production in P. aeruginosa (5) and which has recently been shown to control expression of the majority of the genes required for type IV pilus biogenesis and twitching motility (59) .
Here we describe identification of a new gene, fimX, whose product is also required for normal twitching motility. FimX has domains that are commonly present in signal transduction proteins (PAS-PAC and CheY-like domains) and are involved in cyclic di-GMP metabolism (DUF1 and DUF2), and it is located at one pole of the cell. fimX mutants have low levels of surface pili, have impaired twitching motility, and fail to re-the domains of FimX, leaving RFP fused only to the N-terminal CheY-like domain, which produced construct pBH250. As a positive control, the amplified RFP was cloned into the vector pGEM-T Easy (Promega), from which the NotI fragment containing RFP was subcloned into pUCPSK, which produced the construct pBH210. All constructs were transformed into PAK and mutants derived from this strain to examine the localization of fimX by fluorescence microscopy.
Preparation and transformation of competent P. aeruginosa cells were carried out by using MgCl 2 treatment as described previously (3) . The following antibiotic concentrations were used for selection in E. coli: 100 g of ampicillin ml Ϫ1 , 10 g of tetracycline ml Ϫ1 , and 40 g of tetracycline ml Ϫ1 for cosmid selection. Selection in P. aeruginosa was carried out with 250 g of carbenicillin ml Ϫ1 . Recombinant DNA techniques and sequence analysis. Preparation of cosmid and plasmid DNAs, restriction endonuclease digestion, DNA extraction from agarose gels, and ligation reactions were carried out by using standard protocols (39) and the manufacturers' instructions. The enzymes used for DNA manipulation were purchased from Roche and New England Biolabs.
Genomic sequences flanking the site of transposon insertion in the remaining transposon (Tn5-B21) mutants of PAK were obtained by marker rescue cloning (26) . Chromosomal DNA from each of the mutants was digested with EcoRI (which cut on one side of the tetracycline resistance gene located in Tn5-B21), followed by ligation into the EcoRI site of pBluescript II KS and selection on medium containing both ampicillin and tetracycline. The resulting plasmids contained an insert that spanned the junction between Tn5-B21 and PAK chromosomal DNA in the mutants. These plasmids were then sequenced outward from the transposon by using primer Ollie2 (26) , which was complementary to a region near the terminus of the transposon Tn5-B21 cassette, to determine the sequence adjacent to the point of transposon insertion. Automated DNA sequencing was performed by the Australian Genome Research Facility (University of Queensland, Brisbane, Australia) with a Big Dye sequencing kit from Applied Biosystems. BLAST searches of the P. aeruginosa PAO1 genome sequence at the National Center for Biotechnology Information (Bethesda, Md.) were carried out to identify the position of transposon insertion. Further information on the interrupted gene and the adjacent genomic landscape was obtained from the P. aeruginosa interactive databases at http://www.bit.uq.edu.au/ pseudomonas (13) and http://www.pseudomonas.com. Information on the domain structure of predicted proteins was obtained by searching the FimX protein sequence against the SMART database at http://smart.embl -heidelberg.de (29) .
Western blotting and ELISA. One hundred microliters of an overnight broth culture was spread onto a freshly prepared Luria-Bertani agar plate and incubated at 37°C for 24 h. Surface pili were isolated by harvesting the resulting cells in 2 ml of phosphate-buffered saline and vortexing for 2 min. The suspension was centrifuged at low speed (2,300 ϫ g for 5 min) to remove the whole cells, after which the supernatant was collected and subjected to high-speed centrifugation (15,000 ϫ g for 20 min) to remove the cell debris. The resulting supernatant was incubated overnight at 4°C in the presence of 100 mM MgCl 2 to precipitate pili, as described previously (2) . The precipitate was collected by centrifugation (15,000 ϫ g for 20 min) and suspended in gel loading buffer as described above. The whole-cell fraction was prepared as previously described (3). Western blotting to detect pili in the surface and whole-cell fractions and quantification of the surface pili in P. aeruginosa cultures by an enzyme-linked immunosorbent assay (ELISA) were carried out as described previously (3, 41) . Twitching motility assays and microscopy. The twitching motility activities of P. aeruginosa strains and mutants were assayed by the subsurface agar stab method, as described previously (3) . After 24 h of incubation at 37°C, the size of the twitching zone around the inoculation site at the interface between the agar and the petri dish surface was measured by eye and/or after staining with 0.05% Coomassie brilliant blue R250 to increase the contrast (3).
To investigate the influence of nutrients on mutant twitching motility under standard conditions, 15-ml portions of medium containing 1% agar were poured into 9-cm-diameter petri dishes and dried at 43°C for 15 min prior to stab inoculation of wild-type and mutant strains. The plates were then incubated in a humidified incubator at 37°C, and the diameters of the twitching zones at the agar-petri dish interfaces were measured after 24 and 48 h of incubation. The diameter of each zone was measured by using two cross sections (at right angles), and five replicate plates were used in each assay. The average area of the twitching zone for each plate was calculated, and when a significant difference was observed in the ratio of the diameter of the twitching zone of PAK to the diameter of the twitching zone of a mutant under particular conditions, the experiment was repeated two more times.
Light microscopy of twitching zones was performed as described previously (41) . Briefly, sterile microscope slides were submerged in molten GelGro medium at approximately 60°C to coat them with a thin layer of medium. The slides were set in a horizontal position and air dried for 2 min before use. Each of the slides was then inoculated with a small loopful of bacteria taken from an overnight plate culture. A sterile glass coverslip was placed over the point of inoculation, and the slide transferred to a large petri dish containing a moist tissue and sealed with Parafilm to maintain humid conditions. After incubation at 37°C for 2 h, slide cultures were examined with an Olympus AX70 microscope at a magnification of ϫ200.
The transformants of PAK and mutants with RFP-fimX translational fusions were incubated at 4°C for 2 days for maturation of RFP before they were examined with the Olympus AX70 fluorescence microscope with the standard rhodamine filter. Dural light sources were used in the examination to outline the bacterial cells; this involved bright-field light from underneath the slide and fluorescent light from above the slide.
RESULTS
fimX is required for normal twitching motility. Marker rescue cloning was used to obtain the DNA sequence adjacent to the transposon insertion site in each of the 93 remaining twitching motility mutants from the Tn5-B21 transposon library that was generated previously (26) . Database searches with these sequences revealed that three of the mutants (S19, S46, and S58) had independent transposon insertions in the same open reading frame (ORF) (Fig. 1) , which was designated ORF PA4959 (encoding a hypothetical protein) in the sequenced PAO1 genome (http://www.pseudomonas.com) (45) .
Twitching motility in the S19, S46 and S58 mutants was reduced but not absent (Fig. 2) . The diameters of the twitching zones of the mutants were slightly less than one-half the diameter of the twitching zone of the wild-type parent strain PAK, whereas no twitching zone was observed for the PAK⌬pilA the arrows on the left indicate that the fimX coding region is in the same orientation as the adjacent lac promoter, and the arrows on the right indicate that the fimX coding region is in the same orientation as the adjacent T7 promoter. Note that the NotI and last SalI restriction sites were derived from the multiple cloning site of the pUCPKS and pUCPSK vectors, which were used to construct translational fusions with RFP for subcellular localization studies. mutant, which lacks pili and twitching motility altogether (54) (Fig. 2B) . The growth rate of the mutants was the same as the growth rate of the PAK parental strain (data not shown), suggesting that the impaired twitching motility was not simply due to a growth defect. On this basis, the PA4959 gene was designated fimX.
The fimX gene is located at the 3Ј end of a cluster of five ORFs (PA4955 to PA4959), which are in the same transcriptional orientation and are separated by no more than 75 nucleotides (except PA4957 and PA4958, which are separated by 678 nucleotides). fimX encodes a 691-amino-acid protein with a predicted molecular weight of approximately 76,000, which was confirmed by protein expression studies performed with an inducible T7 promoter in the presence of radiolabeled methionine (data not shown). The fimX coding sequence is followed closely by a likely rho-independent transcriptional terminator sequence, 5Ј-ATGAAGAACGGGCGCCCTGGGCGCCCG TTCTTTT-3Ј (http://www.tigr.org/software/TransTermResults /ntpa03.html). Wild-type fimX cloned in the forward and reverse directions with respect to the lac promoter in the vectors pUCPSK and pUCPKS ( Fig. 1 ) restored normal twitching motility to all three fimX mutants ( Fig. 2E and F) , suggesting that the level of fimX expression is not critical to functioning of the gene and that the cloned sequence may include an endogenous promoter. In addition, expression of cloned fimX did not impair twitching motility in wild-type cells, confirming that the activity of FimX was not dose sensitive (data not shown), in contrast to the activities of some other proteins which affect twitching motility, such as FimV (41) .
Analysis of the phenotype of fimX mutants. Twitching motility in the S19 mutant and its complemented transformants was analyzed in more detail by light microscopy (Fig. 2G to L) . Normal twitching motility in wild-type cells involves outward movement of broad rafts of cells, followed by a breaking up of the rafts into a thinner lattice-like network, within which cells traverse up and down with frequent reversals of movement (Fig. 2G) , whereas pilA mutants (which lack type IV pili and twitching motility) have smooth and relatively static colony edges (Fig. 2H ) and exhibit no network formation (41) . In contrast, S19 and transformant S19(pUCPSK) exhibited significantly reduced outward movement of the rafts and a lack of the lattice-like network ( Fig. 2I and J) . Complementation of S19 with cloned fimX restored the normal micromorphology of the twitching zone in S19(pBH51) and S19(pBH52) (Fig. 2K  and L ). This suggests that the absence of FimX interferes with the signal transduction systems which control the frequent reversals in cell movement that are involved in lattice formation and which are typical of the leading edge of twitching motility-mediated colony expedition (30) .
fimX mutants were also analyzed for expression of pilin and the assembly of surface pili by Western blotting and ELISA. fimX mutants exhibited relatively normal levels of intracellular pilin, similar to the levels in both the wild type and pilV mutants (Fig. 3C ), but the amounts of surface-assembled pili were significantly reduced. Complementation of fimX mutants with cloned fimX restored the surface pilus levels to levels that appeared to be quantitatively higher than the wild-type levels (Fig. 3D) , although twitching motility appeared to be normal in these complemented cells.
Analysis of the fimX sequence. Database searches showed that FimX exhibits significant homology over its entire sequence (691 amino acids) to hypothetical proteins encoded in a number of type IV piliated members of the ␥ subclass of the Proteobacteria, including Microbulbifer degradans (Mdeg2095, 39% identity and 60% similarity) (23), Xanthomonas axonopodis (XAC2398, 30% identity and 48% similarity) (18) , Xanthomonas campestris (XCC2291, 30% identity and 49% similarity) (18) , and Xylella fastidiosa (XF2624, 29% identity and 48% similarity) (43), but not in some other sequenced type IV piliated bacteria, such as Neisseria gonorrhoeae, suggesting that regulation of pilus function by environmental signals (see below) is different in the latter organisms, which would not be surprising given the different ecology of these species as freeliving organisms versus obligate pathogens. FimX contains (Fig. 4A) . FimX residues 144 to 210 encompass a predicted PAS-PAC domain, which is present in a wide range of proteins involved in light, oxygen, and redox sensing, as well as in some ion channel proteins (34, 60) . Residues 256 to 428 encompass a predicted DUF1 (or GGDEF) domain whose exact function is unknown but which was first recognized in the Caulobacter crescentus signaling protein PleD, which is involved in flagellum rotation and cell differentiation (25) . Residues 439 to 683 encompass a predicted DUF2 (or EAL) domain, whose function also is not known. Both DUF1 and DUF2 domains were first recognized in the diguanylate cyclase gene clusters, including pdeA1 to pdeA3 and dgc1 to dgc3, which control the cellular synthesis and turnover of cyclic di-GMP in Acetobacter xylinum (46) . Like the CheY-like domain, FimX shows significant deviation from the normal consensus of DUF1 and DUF2 domains ( Fig. 4B and C) .
Environmental assays. The fact that FimX contains four domains which have known or inferred functions in signal transduction and the fact that a number of other proteins that affect twitching motility are also predicted to be part of sensory signaling pathways (30) suggest that environmental and cellular signals are important in determining the twitching motility activity, which would not be unexpected. A range of nutrients and other compounds which either stimulate or inhibit twitching motility in P. aeruginosa have been identified (C. B. Whitchurch, A. B. T. Semmler, and J. S. Mattick, unpublished data). Twitching motility in wild-type cells is stimulated by mucin (0.05%), bovine serum albumin (BSA) (0.1%), and tryptone (5%), whereas it is inhibited by high-osmolarity conditions, including 300 mM NaCl, 300 mM KCl, 50 mM KNO 3 , 5% sucrose, 10% glucose, and 2% polyvinylpyrrolidone.
Twitching motility in fimX mutants responded like twitching motility in the wild type under most conditions tested, except in the case of added tryptone and mucin; under these conditions twitching was greatly stimulated in the wild type but not in the mutant (Table 2 ). Other compounds which stimulate (0.1% BSA) or inhibit (300 mM NaCl) twitching motility had similar effects on the wild type and the fimX mutants.
Localization of FimX. The RFP-fimX translational fusion construct (pBH223) was transformed into PAK and S19 to examine the subcellular location of FimX. We previously determined that the activity of FimX is not significantly affected by fusion to RFP because the RFP-fimX construct is able to complement the fimX mutant S19 (data not shown). In both the wild type and S19 mutants the RFP-labeled FimX was localized at one pole of the cell (Fig. 5A and B) . We attempted to orient this pole with respect to the position of the flagella, but the methods that we utilized for flagellum staining either did not give reliable results (21) or eliminated the fluorescence signal (55) .
In order to examine which part of FimX might be responsible for the polar localization, we performed deletion experiments in which fragments of FimX were fused to RFP. We found that the polar location signal in FimX is located in the N-terminal region of the protein (encoded by a SalI fragment [ Fig. 1 and 5C and D] ), which includes the CheY-like domain and a subsequent stretch of 35 amino acids that exhibits homology to protein sequences implicated in polar localization of other proteins (Fig. 6 ), including PilS in P. aeruginosa (20) , DivJ in C. crescentus (40) , MinD in N. gonorrhoeae (36) , and CheZ in E. coli (10) . Although the truncated fusion protein (pBH250) contained the localization sequence, it failed to complement the mutants (data not shown), suggesting that some or all of the other domains of FimX (PAS-PAC, DUF1, and DUF2) are required for its proper function, as might be expected. In order to identify proteins that might interact with FimX, 42 other known mutants (5, 30) with mutations which affect type IV pilus biogenesis and/or twitching motility and its regulation were transformed with pBH223 to examine whether the absence of any of the proteins might eliminate the polar location of FimX. These mutants were pilA-X, pilY1, pilY2, pilZ, fimH, fimL, fimS, fimT, fimU, fimV, chpA-E, rpoN, algR, vfr, and tonB3 mutants, and three of them (fimH, fimL, and tonB3) have not been described. In all of these mutants except the vfr mutant, FimX remained localized at the pole. In the vfr mutant no fluorescence signal was observed despite repeated attempts, indicating that the RFP-FimX fluorescence signal was dispersed and/or that the fusion product was unstable in the vfr mutant, since RFP itself was stably detected in P. aeruginosa ( Fig. 5E and F) . This suggests that Vfr or, more likely, a gene product regulated by Vfr may be required for the polar localization of FimX, presumably in a complex with other proteins. Alternatively, since Vfr has been recently shown to control expression of fimX (PA4959) (59), it is also possible that RFP-FimX was not expressed at detectable levels in the vfr mutant despite the fact that the RFP-FimX fusion was cloned in the direction of the lac promoter. 
DISCUSSION
In this study we identified a new gene, fimX, which is required for twitching motility, bringing to 40 the number of reported genes known to be required for the biogenesis and functioning of type IV pili and twitching motility in P. aeruginosa (30) . FimX has a polar location, like type IV pili and like PilS, which is the sensor in a two-component regulatory system that controls transcription of the pilin subunit PilA (7, 26) , and it appears to be a signal transduction protein that connects environmental signals to control of twitching motility through an unknown mechanism.
FimX has an unusual domain composition; it has a PAS-PAC sensor domain (PAS) and a CheY-like domain fused with DUF1 and DUF2 domains, whose functions are not fully understood but which are implicated in cyclic di-GMP metabolism. These four domains are widely present in signal transduction proteins (22) , which suggests that FimX may integrate multiple regulatory signals. However, while the CheY-like domain exhibits sufficient homology to other well-characterized CheY domains (approximately 15% identity and 26% similarity) to be predicted to be a REC domain by SMART, it lacks certain critical residues (Fig. 4A ). There are five conserved residues at the active site in the CheY domain superfamily, including D12, D13, D57, T87, and K109 (51) . Except for D13, these conserved active site residues are not conserved in FimX (which has E12, A57, V87, and L109); this includes the phospho-accepting aspartate residue (D57A), suggesting that this domain in FimX is not active in phosphotransfer cascades but rather inhibits or competes with an analogous CheY domain in another protein, which receives and/or donates phosphoryl groups in another pathway. This pathway may be the Chp chemosensory system, which also controls twitching motility and which includes two conventional CheY proteins (PilG and PilH) and another protein, ChpA, which contains a conventional CheY domain at its carboxy-terminal end (30) . This is also consistent with the polar location of FimX.
In the P. aeruginosa genome, there are 38 ORFs containing DUF1 and/or DUF2 domains (13) ; two of these ORFs have only the DUF1 domain (PA0169 and PA3177), and one has only the DUF2 domain (PA2133). All of the rest also contain other known or suspected signaling domains, including REC, PAS-PAC, GAF, HAMP, PBPb, and CBS domains (13, 22) . In addition, 23 proteins containing DUF1 and/or DUF2 domains (but not FimX) have one to several predicted transmembrane domains, suggesting that the majority of the DUF1 and/or DUF2 domain-containing proteins may be membrane bound for environmental signal transduction. It is apparent that DUF1-and DUF2-containing proteins are all members of a signal transduction system whose precise function(s) remains unknown but which appear to be connected to cyclic di-GMP metabolism (see below), which also implies that cyclic di-GMP, along with other guanine nucleotides, may be part of a global regulatory network in P. aeruginosa that intersects with twitching motility.
A range of studies have suggested that proteins containing DUF1 and DUF2 domains are involved in the biosynthesis and degradation of cyclic diguanylate, an intracellular signal regulating production of extracellular cellulose (22, 46) . This system may be a widespread means of physiological regulation in bacteria (22, 33) . The DUF1 domain has a fold similar to that of the eukaryotic cyclase catalytic domain, which is involved in the formation of cAMP, an important signal transduction messenger in both prokaryotic and eukaryotic cells (28, 33) . DUF1 domain-containing proteins have diguanylate cyclase activity and are interchangeable in bacterial species (4, 46) . The DUF2 domain has been suggested to have a phosphodiesterase activity and a possible role in degrading cyclic diguanylate (22, 46) . Recently, the functions of the DUF1 domain-containing protein WspR and the DUF2 domain-containing protein PvrR in P. aeruginosa have been reported (14, 19) . WspR is a suppressor that controls an autoaggregation phenotype and is linked to regulation of cup genes that encode a putative fimbrial adhesin required for biofilm formation (14) . PvrR regulates the conversion between antibiotic-resistant rough small-colony variants and antibiotic-susceptible wild-type forms (19) . PvrR is also involved in autoaggregation, adhesiveness of the bacterial cell surface, and biofilm formation (14, 19) . The function of PleD, which is also a DUF1 domain-containing protein, has been studied in depth in C. crescentus (1, 25) . PleD is required both for differential development of the swarmer-to-stalkedcell transition and for turning off flagellum rotation. FimX may have a similar function, as twitching motility is implicated in developmental phenomena, such as fruiting body formation in M. xanthus and biofilm formation in P. aeruginosa (30, 32, 52) , possibly by affecting the rate of pilus assembly or retraction, which would be consistent with our observation that FimX mutants have strongly reduced levels of extracellular pili (Fig.  3) .
It has been reported that certain environmental conditions, such as the concentrations of NaCl, glycerol, carbon, nitrogen, and phosphate, can influence mucoidy in P. aeruginosa (48) . In our laboratory, we have observed that certain polypeptides, notably tryptone, mucin, and BSA, can stimulate twitching motility in vitro. Our results show that compared to the wild type, fimX mutants are unable to respond to stimulation by mucin or tryptone but are able to respond relatively normally to BSA. The mucin signal is not due to a low-molecular-weight contaminant, as extensive dialysis of the mucin solution failed to eliminate its stimulatory effect on twitching in wild-type cells. Mucin is a major component of respiratory and stomach secretions (50) and is a glycoprotein that consists of a polypeptide core with branched oligosaccharide side chains, each of which contains 8 to 10 sugars. P. aeruginosa has been reported to exhibit preferential binding to mucin, which is regarded as an important molecule in the initial colonization by this organism of the airways of cystic fibrosis patients (38) . Pili are not essential for mucin binding as pilin-deficient mutants have binding ability similar to that of the wild type (37, 38) ; rather, it appears that mucin is bound through the flagellar cap protein FliD (37) . However, as shown here, addition of very low concentrations of mucin to the medium dramatically increases twitching motility in P. aeruginosa, which may accelerate surface colonization of the cells in infected tissue.
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